Non-enzymatic RNA self-replication is integral to the 'RNA World' hypothesis. Despite 12 considerable progress in non-enzymatic template copying, true replication remains challenging 13 due to the difficulty of separating the strands of the product duplex. Here, we report a prebiotically 14 plausible solution to this problem in which short 'invader' oligonucleotides unwind an RNA 15 duplex through a toehold/branch migration mechanism, allowing non-enzymatic primer extension 16 on a template that was previously occupied by its complementary strand. Kinetic studies of single-17 step reactions suggest that following invader binding, branch migration results in a 2:3 partition of 18
Introduction 23
The replication of a genetic polymer within a vesicle capable of growth and division should lead 24 to a protocell able to undergo Darwinian evolution. The construction of a protocell capable of 25 autonomous reproduction, even within an artificial laboratory setting, may lead to significant 26 insights into the origin of life (Joyce & Szostak, 2018) . Prior to the emergence of enzymes or 27 ribozymes on the early Earth, the first genetic material had to rely on non-enzymatic copying 28 reactions to accomplish self-replication. Following template-directed RNA copying, the daughter 29 2 strand, which is complementary to the template, must undergo another round of copying to 30 generate a product with the same sequence as the original template, thus completing the replication 31 process. Recent discoveries have greatly improved the rate and extent of chemical RNA copying 32 reactions in laboratory studies O'Flaherty et al., 2018) . However, the important 33 question of how to complete a true replication cycle remains unanswered. After the first round of 34 templated copying, the daughter strand is sequestered within a stable duplex with its parent strand. 35
Even if heat is used to temporarily separate the two strands, when cooled down, the rate of 36 reannealing of the two strands is much faster than the rate at which template copying occurs 37 (Szostak, 2012) . This 'strand reannealing' or 'strand inhibition' effect is a major obstacle to non-38 enzymatic genetic replication under prebiotically plausible conditions. 39 40 Due to the importance of the strand separation problem, several approaches have been explored in 41 efforts to enable cycles of replication. The Hud group has employed highly viscous solvent 42 mixtures (glycholine) to slow the reannealing of complementary strands, together with temperature 43 cycling to repeatedly separate the strands of RNA duplexes (He, Gállego, Laughlin, Grover, & 44 Hud, 2016). Using this approach they were able to demonstrate that 11 individual 32-mer RNAs 45 could be enzymatically ligated on a 545 bp RNA template in the presence of the full length 46 complementary strand. However, this method may not be compatible with the much slower non-47 enzymatic RNA ligation or polymerization, and may also not work as well for the copying of 48 shorter templates that will still diffuse rapidly through viscous solvents. The Richert group 49 reported an example of genetic polymer replication, using bead immobilization and iterative cycles 50 of protection/deprotection (Hänle & Richert, 2018) . While providing a powerful method to study 51 the chemical replication of genetic polymers in a laboratory context, this approach is not 52 prebiotically relevant and is also incompatible with a protocellular context. The Sutherland group 53 has reported that pH fluctuations can drive RNA separation (Mariani, Bonfio, Johnson, & 54 Sutherland, 2018), but this does not address the problem of rapid strand annealing following the 55 return of the pH to more neutral values. The Braun group has recently shown that wet-dry cycles 56 inside heated rock pores triggering salt concentration fluctuations can also lead to strand separation 57 and enable enzyme catalyzed replication (Ianeselli, Mast, & Braun, 2019) . Although these latter 58 two approaches are simple and prebiotically plausible, up till now no demonstration of non-59 enzymatic RNA copying has been reported with these methods. Here, we explore a prebiotically 60 plausible solution to the strand separation problem that enables non-enzymatic copying reactions 61 to proceed in the presence of a complementary template-bound strand, and that is in principle 62 compatible with operation in a protocellular context. 63
64
In extant biology, genomic replication never occurs by strand separation followed by template 65 copying; instead, duplex unwinding and primer extension occur in concert via strand displacement 66 synthesis (Benkovic, Valentine, & Salinas, 2001) . This approach has not typically been considered 67 relevant to prebiotic replication because of the requirement for highly sophisticated enzyme 68 catalysts. However, the concept of strand displacement by branch migration, originally developed 69 in the field of genetic recombination (Holliday, 1964) has been widely used in the fields of DNA 70 and RNA nanotechnology (D. Y. Zhang & Seelig, 2011 ) and the study of RNA function (Bhadra 71 & Ellington, 2014) . Inspired by the precedent from biology and the powerful methods of nucleic 72 acid nanotechnology, we asked whether we could use the binding of short oligonucleotides to 73 unwind an RNA duplex and trigger non-enzymatic primer extension reactions. 74
75
Primer extension with activated nucleotides occurs via reaction of the primer 3ʹ-hydroxyl with a 76 5ʹ-5ʹ-phosphorimidazolium-bridged dinucleotide, which is an obligate covalent intermediate in 77
non-enzymatic primer extension that is formed by the reaction of two 2-aminoimidazole activated 78 ribonucleotides with each other ( Figure 1A ) ( Szostak, 2018). The 2-aminoimidazole activated ribonucleotides are in turn generated by the 80 reaction of nucleotides with 2-aminoimidazole in a process driven by methyl isocyanide (Mariani, 81 Russell, Javelle, & Sutherland, 2018), and 2-aminoimidazole itself can be synthesized under 82 prebiotically reasonable conditions (Fahrenbach et al., 2017) . 83
84
Here, we report that using short oligonucleotides as 'invaders' we can copy an RNA templating 85 region that is already occupied by its complementary strand. We first explored this concept in the 86 context of the addition of a single nucleotide to a primer through reaction with an imidazolium-87 bridged dinucleotide. We then iterated this process to demonstrate primer extension by multiple 88 nucleotides, using multiple invaders. This study demonstrates a potential solution to the strand 89 4 inhibition problem and thus represents a step towards the realization of non-enzymatic RNA 90
replication. 91

Results
92
To test whether non-enzymatic RNA synthesis could proceed via uncatalyzed strand displacement 93 synthesis, we prepared RNA primer/template complexes in which the templating region was either 94 open or occupied by a complementary strand (the 'blocker') with a 6-nt toehold region at its 5ʹ-95 end ( Figure 1 ). As the substrate for primer extension, we used the 5ʹ-5ʹ-imidazolium-bridged 96 We then tested the hypothesis that a short 'invader' RNA strand could open up the template region 105 next to the primer by first binding to the 5ʹ overhang, or toehold region, of the blocker strand, 106 followed by branch migration. Full base-pairing of the invader and blocker strands should release 107 the template and allow it to bind the C*C substrate. As an initial test, we employed an 8-nt RNA 108 oligonucleotide as an invader, with a 6-nt region complementary to the 6-nt toehold of the blocker, 109 plus a 5ʹ-GG sequence to allow for extended base-pairing with the blocker. If the invader was able 110 to fully pair with the blocker by competing for template-blocker pairing, the template should be 111 freed, allowing C*C binding to occur. Strikingly, after C*C addition to the 112 primer/template/blocker complex in the presence of the invader, we observed the appearance of 113 the +1 product of primer extension ( Figure 1C Encouraged by our initial observation of non-enzymatic strand displacement synthesis, we sought 120 to optimize this process by varying invader length and concentration. We examined primer 121 extension reactions with 6-nt and 8-nt invaders as a function of concentration, and calculated the 122 pseudo-first order reaction rate, kobs, from the disappearance of unreacted primer vs. time ( Figure  123 2). For the octamer invader at room temperature, kobs increased as a function of invader 124 concentration until a maximal rate of 0.9 ± 0.1 h -1 was reached at a concentration of 5 µM. For the 125 hexamer invader, essentially no primer extension could be observed when the concentration was 126 15 µM or below. The reaction rate increased at higher concentrations, but even at 100 µM, kobs 127 was only 0.11 ± 0.03 h -1 , and we were unable to reach a saturating concentration of hexamer. These 128 results are consistent with the hypothesis that invader binding to the toehold region of the blocker 129 is a necessary first step for strand displacement synthesis, and that saturation of invader/blocker 130 binding leads to the maximum observed rate of strand displacement synthesis. We were therefore 131 curious as to whether lower temperature could promote the reaction at lower invader 132 concentrations and especially for shorter invaders. Lower temperature could facilitate strand 133 displacement synthesis by increasing the stability of the invader/toehold duplex, but could also 134 slow down the rate of the chemical reaction step, rendering the effects difficult to predict. We 135 therefore conducted the same series of experiments as above, except on ice (blue squares, Figure  136 2). For reactions using the octamer invader, kobs in general decreased by ~ 50%, reaching a plateau 137 0.4 h -1 . In contrast, when using the hexamer invader, the lower temperature significantly increased 138 the reaction rates, and the plateau now also reached 0.4 h -1 . These results are consistent with the 139 enhanced binding of a shorter invader to the toehold region at lower temperature facilitating strand 140 displacement synthesis, together with a modest slowing of the overall reaction rate, possibly due 141 to a slower chemical step. such that the C*C substrate can bind to the template and react with the primer. However, it is 160 possible that C*C binding to the template could be sterically impaired by the overhanging blocker-161 invader duplex, and furthermore, once bound to the template the conformation of the C*C could 162 be impacted in a way that might alter its reactivity with the primer. We therefore performed three 163 experiments to disentangle the effects of the toehold and invader on substrate binding and on the 164 rate of the chemical reaction step (Figure 4 ). In the first case (1), the 'blocker' did not contain a 165 toehold region and did not block the GG templating region, only base pairing with the downstream 166 sequence. In the second case (2), the 'blocker' contained an 8 bp toehold region but was not 167 complementary to the GG templating region, due to substitution of AA for CC in the blocker 168 sequence. In this case, the templating region is expected to remain open for substrate binding. The 169 third case (3) represents the strand displacement scenario discussed above with an octamer invader 170 ( Figure 1 ). We measured the rate of primer extension as a function of C*C concentration for each 171 of the three scenarios ( Figure 4 , right panel). 172
For cases (1) and (2) , in which the template region is expected to be open, the observed maximum 173 rates (kobs max) are identical (9.6 ± 0.1 h -1 and 9.5 ± 0.1 h -1 , respectively). This suggests that once 174 the C*C substrate is bound to the GG template region, its reactivity is not affected by the presence 175 or absence of the overhanging invader-blocker duplex. In contrast, when the blocker is able to bind 176 the GG templating region (case 3), kobs max drops to 3.6 ± 0.1 h -1 , ~ 40% of kobs max in (1) and (2). 177
This effect is consistent with a two-state model in which the blocker strand is base-paired to the 178 template GG (and thus preventing C*C binding) about 60% of the time, but is base-paired to the 179 invader GG the other 40% of the time, in which case C*C can bind to the template and once bound 7 reacts normally with the primer. The apparent Km values for C*C show larger differences across 181 these three regimes. In case (1) where the template is open and there is no overhanging invader-182 blocker duplex, the Km for C*C is approximately three times lower (0.34 ± 0.01 mM) than 183 previously observed for binding to a primer template complex with no blocker strand at all (Walton 184 & Szostak, 2017) . This suggests that the binding of C*C is stabilized by stacking with the 185 downstream blocker strand. In contrast, the presence of an overhanging invader-blocker duplex 186 increases the Km for C*C roughly 6-fold to 2.2 ± 0.1 mM, suggesting that the presence of an 187 invader-blocker duplex sterically interferes with C*C binding. Finally, for case (3), in which the 188 blocker is partitioned between base-pairing with the template or the invader, the binding of C*C 189 to the template is further impaired and the apparent Km is 7.3 ± 0.5 mM. The reason for this further 190 increase in Km is not obvious, but could reflect subtle changes in the extent of steric blocking due 191 to the altered sequence context near the bound C*C, or perhaps more complex effects not fully 192 accounted for by a simple two state model for blocker partitioning. 193
194
Having developed a basic understanding of single-step strand displacement synthesis, we asked 195 whether it is possible to achieve multiple steps of primer extension using multiple invaders. For 196 the addition of multiple nucleotides, the invader must be able to dissociate from the blocker after 197 the formation of the primer +1 product, to allow the second invader to base pair with the blocker 198 and open the next templating region so that the +2 product can be made, and so forth for multiple 199 reaction cycles. For these experiments we decided to adopt hexamer invaders. Although an 200 octamer invader results in a higher kobs than a hexamer invader at room temperature, the 8 nt 201 invader/blocker duplex may be too stable to dissociate rapidly at room temperature. We reasoned 202 that the faster on and off rate of a hexamer invader could be beneficial in the context of multiple 203 addition reactions. To partially compensate for the weaker binding of hexamer invaders, we used 204 400 mM Mg 2+ instead of 50 mM Mg 2+ and replaced U with 2sU for these experiments, because 205 2sU forms a stronger base-pair with A than U (Heuberger, Pal, Del Frate, Topkar, & Szostak, 206 2015). We synthesized seven different hexamer invaders ( Figure 5A Without either helpers or bound blocker, RNA primer extension was poor, although several faint 214 bands above +1 products were present ( Figure 5B ). In the presence of the blocker without invaders, 215 no primer extension was observed. With blocker and seven hexamer invaders, we observed 216 unambiguous +1 and +2 primer extension products, and several faint bands above as well. This Zhang, Zhang, Blain, & Szostak, 2013). We also used a primer in which the last nucleotide was 227 also substituted with a 3′-NH2-2′,3′-dideoxyribo-nucleotide. In the reaction without any blocker or 228 invaders, the full-length product appeared within 5 hours. In the presence of the blocker but 229 absence of invaders, no primer-extension occurred. In the presence of both the blocker and the 230 seven hexamer invaders, the majority of the primer was extended to the full-length product within 231 24 hours ( Figure 5C ). 232
233
To prove that the multiple addition products observed in these experiments resulted from primer 234 extension with strand displacement, and to exclude the possibility that the blocker had failed to 235 form a stable duplex with the template under these conditions, we adapted a fluorescence-quencher 236 assay (Larsen et al., 2016) . In this assay the primer was not fluorescently labeled, but the template 237 was labeled with Cyanine 3 at its 5′-end and the blocker was modified with Black Hole Quencher ® -238 9 6A). When we added an unlabeled RNA strand that was complementary to the template prior to 241 addition of the labeled blocker, binding of the blocker was inhibited, and fluorescence remained 242 the same high level throughout the time course of 48 hours ( Figure 6B ). In three negative control 243 reactions, 3′-NH2-2AIpddN monomers and/or invaders were omitted, and we observed very low 244 fluorescent signal throughout the reaction time courses, indicating that the blocker had remained 245 base-paired with the template. Finally, in a complete reaction mixture containing all components, 246 the fluorescence signal grew to ~50% of that observed in the positive control in 24 hours, and ~60% 247 in 48 hours. These results confirm that a strand displacement mechanism is operating and is 248 required for successful primer extension under these conditions. 249 250
Discussion 251
Our experiments show that non-enzymatic primer extension by strand displacement synthesis can 252 be catalyzed by short RNA oligonucleotides, resulting in the template-directed synthesis of RNA 253 (and the related polymer 3′-NP-DNA) without prior strand separation. The replication of the 254 primordial genetic material by strand displacement synthesis provides an alternative to the more 255 commonly considered model in which the copying of a template leads to a duplex whose strands 256 must be separated and remain separated in order to be copied again. Strand separation models are 257 plagued by the mismatch between the comparatively slow rate of non-enzymatic template copying 258 and the much faster kinetics of strand reannealing (except at extremely low strand concentrations). 259
In contrast, strand displacement synthesis should proceed well at high strand concentrations, 260 allowing both genomic and functional strands to build up to high enough levels to have strong 261 phenotypic influences on the host protocell. Replication by strand displacement synthesis is also 262 appealing in that it is closer to the mode of replication universally employed in biology, and 263 because it should operate in a complex prebiotic context of concentrated and heterogeneous 264 nucleotides and oligonucleotides. 265
266
The mechanism of strand displacement synthesis that we have explored involves catalysis by short 267 oligonucleotides, which act as 'invaders' to open up the template region to be copied through a 268 toehold/branch migration process. We propose two prebiotically relevant sources for such 269 oligonucleotides. First, the hydrolysis of longer oligonucleotides could generate multiple short 270 oligonucleotides that can serve as invaders. Second, incomplete or partial products of template 271 copying could dissociate from the template and act as invaders. Such partial replication products would derive from and therefore be biased towards the genomic sequences of the host protocell. 278
We have previously suggested that the accumulation of such fragments within a primitive protocell 279 could serve useful homeostatic regulatory functions, by acting as reversible concentration 280 dependent inhibitors or activators of ribozymes (Engelhart, Adamala, & Szostak, 2016) . 281
282
We propose that non-enzymatic strand displacement synthesis could potentially enable or at least 283 contribute to complete cycles of RNA replication. However, three major problems must be 284 overcome before complete replication cycles can be demonstrated in the laboratory. First is the 285 problem of initiation. In the presence of a defined primer, a transient thermal fluctuation might 286 allow a primer to bind to a template and begin strand displacement synthesis, but how initiation 287 might begin in the absence of defined primers remains an open question. Second, cycles of 288 replication would require the copying of both complementary strands, which would seem to 289 require the presence of invaders derived from both strands. Whether strand displacement synthesis 290 could proceed in the presence of invaders derived from complementary strands must be examined 291 experimentally. We suggest that frequent thermal fluctuations might allow invader-invader and 292 invader-blocker duplexes to dissociate and then re-form, allowing for one to a few nucleotides of 293 primer extension with each cycle of reorganization. Finally, the slow rate of non-enzymatic primer 294 extension with ribonucleotides is a problem for all models of non-enzymatic RNA replication. As 295 a proxy for RNA and ribonucleotides, the more reactive 3ʹ-NP-DNA and 3ʹ-aminonucleotides have 296 enabled us to demonstrate multi-step strand displacement synthesis. However, an important goal 297 for laboratory studies is to make template directed RNA synthesis as efficient as 3ʹ-NP-DNA 298 synthesis. One possibility under investigation in our lab is that prebiotically relevant small 299 molecules or short peptides could act as catalysts for the copying reaction by promoting the binding 300 or positioning of the catalytic metal ion within the reaction center. However, we note that in a 301 strand displacement synthesis model, genomic RNA fragments remain largely double stranded and 302 thus protected from degradation, which could make replicative synthesis possible even if primer 303 extension is quite slow. 304
305
Beyond the scope of replication, we propose that strand displacement could potentially be involved 306 in the regulated synthesis of primitive ribozymes. After the first round of copying, any ribozyme 307 sequence would remain sequestered as a stable duplex with its daughter strand and would be unable 308 to perform its catalytic function. However, primer extension with strand displacement could 309 liberate the ribozyme from its complementary strand, enabling it to fold into a tertiary structure 310 and execute its catalytic function. Hence, by regulating the rate of strand displacement reactions, 311 both the rate of RNA replication and ribozyme catalytic activity could be controlled. 312
313
In summary, our work demonstrates the concept of non-enzymatic RNA copying with strand 314 displacement, offering a novel approach to RNA self-replication that relies on the presence of 315 RNA fragments derived from degradation or partial template copying. If the problems of initiation 316 and replication of both strands could be overcome, it might be possible to initiate the non- Primer extension products were resolved by 20 % (19:1) denaturing PAGE with 7 M urea. The gel 360 was scanned using a Typhoon 9410 scanner, and the bands were quantified using the ImageQuant 361 TL software. 362
Fluorescence-quencher assay 363
All components were mixed in 96 well, half-area, black, polystyrene plates (Costar). Fluorescence 364 signals were recorded at an excitation wavelength of 535 nm and an emission wavelength of 595 365 nm using a SpectraMax i3 plate-reader. 366 Right, an invader (red), a short oligonucleotide partially complementary to the blocker, is able to 464 rescue the primer extension reaction by sequestering the blocker and allowing C*C to bind and 465 react. All primer extension reactions were conducted at room temperature, 50 mM HEPES, pH 466 8.0, 50 mM MgCl2, 3 mM C*C, 1.5 µM primer, 2.5 µM template, 0 or 3.5 µM blocker, 0 or 5 µM 467 invader. 468 Strand displacement reactions contained 1.5 µM template, 2 µM blocker, 2.5 µM primer, 50 mM 507 HEPES, pH 8.0, 50 mM MgCl2, 20 µM each hexamer invader and 10 mM 3′-NH2-2AIpddA/G/T. 508
Positive control reactions contained the same components, with the addition of 2 µM of 509 complementary strand RNA to the template, so that the blocker was unbound. The negative control 510 reactions contained the same components but omitted monomers and/or invaders, as indicated. 511
The experiments were performed at room temperature in triplicate. Representative denaturing PAGE data and plots of ln(P/P0) vs. time for the reaction kinetics with 526 an octamer invader, as described in Figure 3 . Representative denaturing PAGE data and plots of ln(P/P0) vs. time for the reaction kinetics in 541 case (3) as described in Figure 4 . 542
